Abstract : We measured the expression of cell cycle proteins (CyclinD 1, Cdk 2, Cdk 4, Cdk 6, PCNA) and proteins associated with DNA damage and repair (M30, P21, P53, Bcl-2) by immunohistochemistry after induction of cortical cold injury in the rat brain (n=28) and evaluated the relationship between cell cycle protein expression and apoptosis. Measurements were taken at 1,4, 7,10 and 14 days (n=4 per time point).
Introduction
Traumatic brain injury in humans leads to neuronal loss in the cortex, hippocampus, cerebellum and thalamus, and this loss appears to be attributable in part to apoptosis. Although apoptosis is present following traumatic brain injury, the role of cell cycle proteins in apoptosis and DNA repair following traumatic brain injury has not been well investigated4, 5, 14) A review of the literature reveals only one report by Kaya et al., who investigated the expression of CyclinDl and Cdk4 after cortical impact injury in a rat model and showed that neither CyclinD 1 nor Cdk4 were detected in apoptotic cells, despite the fact that both of these proteins are involved in DNA repair4,5). We studied the temporal profile of the expression of cell cycle proteins and apoptosis, and discussed the role of cell cycle proteins in neuronal apoptosis and cell survival following cryogenic induced brain injury in the rat 16, 17 
Results
Control and sham sections showed negative expression of cell cycle proteins and no apoptosis at any time point (Tables 2, 3 ). The expression patterns of cell cycle proteins are also shown in Tables 2 and 3 . At day 4, Cdk 2 expression had mostly spread to the Expression of the cell cycle proteins, CyclinDl, Cdk 2 and Cdk 4 showed a tendency to be upregulated by DAY 4 and DAY 7 and to decrease by DAY 10. Cdk 6 was not detected. The time-course of apoptosis was closely linked to expression of cell cycle proteins. PCNA was strongly detected at DAY 4.
-, none ; + -, slight ; +, moderate ; + +, remarkable Expression of the cell cycle proteins, Cdk 4 was upregulated by DAY 4, dramatically increased by DAY 7, and then decreased by DAY 10. Cdk 6 was not detected. M30 and P21 were not expressed at any time point. PCNA was expressed at high levels on DAY 4.
-, none ; + -, slight ; +, moderate ; + +, remarkable superficial cortex of injured brain and contralateral noninjured brain, with slight injury also detected in the periventricular area. The total area of immunoreactivity had decreased by day 10, and no expression was detectable by day 14. Cdk4 expression was detected on day 1, and had spread by day 4 to the superficial cortex on the injured side and the ipsilateral lateral ventricle. By day 7, this expression had spread dramatically through the corpus callosum to the contralateral lateral ventricle. The total area of immunoreactivity had decreased by day 10, and no expression was detectable by day 14 (Fig. 1) . Cdk6 was not expressed at any time point. By day 4, CyclinD 1 expression had spread mostly to the superficial cortex of the injured brain and contralateral noninjured brain. This expression had decreased by day 10, and no expression was detectable by day 14. Only slight immunoreactivity was observed at any time point. Detection of apoptosis is summarized in Tables 2 and 3 . By day 4, slight M30 expression was detected in the ipsilateral superficial cortex. This expression had spread mostly to the cortex of the injured brain and contralateral noninjured brain by day 7, and had decreased by day 10. No immunoreactivity was detectable by day 14 (Fig. 2) . Bcl-2 immunoreactivity was not observed at any time point. By DAY 4, P53 was mainly expressed in the injured cortex (k) and weakly expressed in the non-injured cortex (i). By DAY 7, this expression was strongly evident in the bilateral cortex (j, 1). By DAY 7, M30 was mainly expressed in the injured cortex (n) and weakly expressed in the non-injured cortex (m). No expression was detected in the bilateral periventricular area (o, p). Fig. 3 . A series of adjacent sections from the same rat are immunoreactivity stained by PCNA (DAB), a marker for cell survival. PCNA expression was first detected on DAY 4 in the ipsilateral lateral ventricle (s), and it dramatically spread through the corpus callosum (q) to the contralateral lateral ventricle (u). Immunoreactivity had decreased by DAY 7 (corpus callosum : r, ipsilateral periventricular area : t, contralateral periventricular area: v).
P21 expression had spread mostly to the superficial cortex of the injured brain and the contralateral noninjured brain by day 7, but expression was lost by day 10. By day 4, P53 expression had spread mostly to the superficial cortex of the injured brain and contralateral noninjured brain. No expression was detectable by day l O (Fig. 2) . PCNA expression was detected on day 1 in the ipsilateral lateral ventricle.
By day 4, this expression had spread dramatically through the corpus callosum to the contralateral lateral ventricle. Immunoreactivity was decreased by day 7 (Fig. 3 ).
Discussion
Cell proliferation follows an orderly progression that is controlled by protein complexes composed of Cyclins and Cyclin-dependent kinases ( Cdk) . CyclinD 1 is upregulated early in G 1 followed by a subsequent peak in expression in mid G 1. CyclinD 1 interacts with its kinase Cdk 4 or Cdk 6 and decreases as cells approach the S phase4,5). Downregulation of CyclinD 1 during nuclear relocation of proliferation cell nuclear antigen (PCNA) for DNA repair and for initiation of DNA replication has been demonstrated6,10,18) . However, overexpression of CyclinD 1 reportedly prevents DNA repair and the relocation of PCNA after DNA damage6). It has been shown that phosphorylation of pRb (retinoblastoma protein) by activated Cdk 4 and Cdk 2 has a controlling effect on Gl-S phase progression. In particular, Cdk 2 is activated during the G1-S phase, and has been shown to play an important role in the induction of DNA replication and in controlling its process'. An assessment of the correlation between P53, P21 and cell cycle proteins following DNA damage has shown that the observed appearance of P53 leads to P21 expression8). P21 attaches to and subsequently inactivates the Cyclin-Cdk complex. As a result of inactivation of the G1-S accelerator : Cyclin-Cdk complex, the cell cycle is arrested and the cell undergoes apoptosis3). The monoclonal antibody M30 can be used to specifically identify apoptotic cells 1,2 ) . Chopp et al. measured the expression of CyclinD 1 and its kinase Cdk 4 48 h after induction of cortical contusion in the rat. They reported that CyclinD 1 and Cdk4 were selectively expressed in both morphologically intact and injured neurons throughout the rat brain, and apoptotic cells were not immunoreactive for CyclinD 1 or Cdk 4. They concluded that the selective expression of cell cycle proteins observed in nonapoptotic postmitotic neurons suggests a role for these proteins in the survival of cells after cortical contusion4). Cyclin-dependent kinases ( CDKs ) regulate cell proliferation. However, previous reports have suggested that in cultured postmitotic neurons, activation of CDKs is a signal of cell death rather than cell survival. Osuga et al. determined that Cdk 4 activation occurs in mature adult neurons during focal stroke, and further that this signal was necessary for neuronal death after reperfusion injury. They reported that administration of a Cdk inhibitor blocked pRb phosphorylation and reduced neuronal death by 80% 7) . In the present study, the area showing CyclinD 1 and Cdk 4-expression in both the ipsi and contralateral superficial cortex overlapped with the area of M30-expression, and P21 expression was also observed in these regions. These results suggest that there was apoptosis in these areas of the brain. Thus, Cdk 4-inactivation of P21 may in turn lead to bilateral G1 arrest and apoptosis in the superficial cortex. In the bilateral periventricular area, CyclinD 1 and Cdk 4-expression overlapped with the area showing PCNA-expression. In these areas, M30 was not detected. Thus, Cdk 4 could contribute to the progression to S phase. These results implied that in these areas there was cell proliferation (Fig. 4) . Giordana al. investigated reactive cell proliferation and microglia following injury to the rat brain. They observed a proliferation of microglia and astrocytes in the periventricular matrix12). Also, Frederiksen and McKay reported that expression of Nestin is significant in that mammalian neuronal precursor cells can be identified by specific expression of the intermediate filament, Nestin, and that Nestin-positive cells were found especially in the subependymal area. They concluded that the precursor cell was strongly linked with cell survival mechanisms18). Their cell proliferative area was the same as our Cdk4 and PCNA immunoreactive area.
Indeed, Cdk 4 selective expression observed in the bilateral periventricular area suggested a potential role for Cdk 4 in the survival of cells11), given that 
PCNA
was tightly bound to DNA, and that it plays an important role in DNA repair during the S phase9,10). Also, P21 and P53 were not expressed at detectable levels in these areas.
Taken together, these results suggest that Cdk 4 may be closely correlated not only with apoptosis, but also with cell survival following cold injury. Furthermore, the bilateral periventricular area may be the site of proliferation, such as occurs during cell survival. Hence, the mechanism by which Cdk 4 activation controls apoptosis and DNA repair evoked by cold injury remains to be clarified. In the future, we should analyze and identify these cell types and assess the correlation with proliferation of precursor cells using double immunohistochemistry.
If Cdk 4-positive cells overlap cells expressing M30 or PCNA, the CyclinD 1 /Cdk 4 complex may be concluded to control apoptosis and DNA repair.
